Background
==========

The pedicle screw was first introduced in treating unstable thoracolumbar fractures by Roy-Camile in France in 1963. Pedicle screw internal fixation has been widely applied in treating conditions such as protrusion of lumbar intervertebral disc, lumbar spinal stenosis, and lumbar spondylolisthesis, which greatly promotes development of spinal surgeries \[[@b1-medscimonit-21-3948]\]. Although most spinal surgeons can master the pedicle screw placement technique, there still remains a challenge for spinal surgeons to place pedicle screws precisely and reduce complications, because of a diversity of pedicle anatomy structures and potential complications (e.g., injuries of nerve root, vessel, or viscera) caused by inappropriate screw placement positions \[[@b2-medscimonit-21-3948]\].

Three-dimensional (3D) printing, also termed rapid proto-typing technology, has gradually penetrated into the field of clinical medicine \[[@b3-medscimonit-21-3948]\]. In cervicothoracic vertebral operations using a spinal surgical guide plate produced by 3D printing, the diameter and length of placed screws can be estimated pre-operatively, and the pedicle screws can be placed under the assistance of 3D printing guide plates. The personalized design can shorten operation time, promote accuracy of screw placement, and reduce complications \[[@b4-medscimonit-21-3948]--[@b6-medscimonit-21-3948]\]. In this study, 3D printing guide plate technique was applied in posterior lumbar pedicle screw fixation, and amount of hemorrhage, mean placement time for each screw, mean fluoroscopy times, and accuracy of placement between the experimental and control groups were compared with the traditional intraoperative x-ray positioning-assisted screw placement through anatomic landmarks.

Material and Methods
====================

General information
-------------------

Patients receiving posterior lumbar pedicle screw fixation in our department from Aug 2014 to Mar 2015 were enrolled in this study. Types of diseases included protrusion of lumbar intervertebral disc, lumbar spinal stenosis, and lumbar spondylolisthesis. Patients in the experimental group received posterior lumbar pedicle screw fixation assisted by 3D printing guide plate, while patients in the control group underwent traditional x-ray-assisted fixation.

Among the 20 patients (9 males and 11 females, mean age 52.3 years \[range, 35--70 years\]) in the experimental group, 10 had protrusion of lumbar intervertebral disc, 7 had lumbar spinal stenosis, and 3 had lumbar spondylolisthesis. Of the 23 patients (12 males and 11 females, mean age 55.4 years \[range, 37--72 years\]) in the control group, 12 had protrusion of lumbar intervertebral disc, 8 had lumbar spinal stenosis, and 3 had lumbar spondylolisthesis. Results of independent *t* test used for comparing age, sex, affected segments, and number of placed screws, showed that there was no significant difference between the 2 groups, which were comparable.

Inclusion criteria
------------------

The inclusion criteria were: (1) Patients who did not responded to the conservative therapy for half a year and had surgery indications; (2) Those who only used operation methods of posterior lumbar decompression or 3D printing guide plate-assisted pedicle screw placement and intervertebral bone graft fusion; (3) Those who were fully informed of treatment protocol and who signed the informed consent form. This trial was approved by the ethics committee of our hospital.

Random methods
--------------

All patients were randomly assigned into the experimental group and the control group based on the patient number on admission by using a random number generated by computer.

Allocation concealment
----------------------

The patients had no idea which group they were in. A specially-assigned person was in charge of the enrollment and grouping of the patients to avoid selective bias and ensure allocation concealment.

Pre-operative preparation
-------------------------

All patients received imaging tests, such as lumbar posterior-anterior/lateral radiographs, flexion-extension radiographs, lumbar MRI, and lumbar CT for protopathic certification ([Figure 1](#f1-medscimonit-21-3948){ref-type="fig"}). The experimental group received lumbar CT 3D reconstruction with a layer of 1 mm. The P100 3D printer from German EOS was used and the printing material was polyamide PA220 ([Figure 2](#f2-medscimonit-21-3948){ref-type="fig"}).

Operational methods
-------------------

The operations in both groups were completed by the same surgeon. The skin and fascia lumbodorsalis were cut regularly, and paravertebral muscles were peeled to fully expose posterior column bony structures, such as spinous processes, vertebral plates, and articular processes of the affected vertebral columns. Following that, the soft tissues attached to the bony structures were cleared. After full exposure, the 3D printing guide plate was tightly attached to the operational segmental lumbar vertebral plate, and Kirschner wire was inserted into the pinhole on the guide plate to obtain a placement angle. The inserting point was determined through the 3D printing guide plate and marked by electrotome, and the vertebral incision was opened. First, the guide plate was slightly moved to one side, complete preparation of the screw path was done referring to the contralateral direction of the Kirschner wire, and then the pedicle screw was placed. The pedicle screw on the other side was inserted in the same way. The angle, position, and length of the placed screw were confirmed through intraoperative C-arm fluoroscopy. If the pedicle screw was malpositioned, the screw path and angle were adjusted for repeat screw placement. The nerve root decompression and infusion was preformed routinely. Control group patients received traditional x-ray-assisted posterior lumbar pedicle screw fixation.

Evaluation of efficacy
----------------------

The intraoperative amount of hemorrhage, mean placement time for each screw, mean fluoroscopy times, and accuracy of placement in both groups were recorded. The in-operation hemorrhage was calculated by total fluid volume in the suction apparatus minus the fluid volume used for washing. The total time was from completion of 3D printing guide plate placement after operational area was completely visible (experimental group) and structures posterior to vertebral body was completely visible (control group), respectively, to the last pedicle screw satisfactorily placed in proper position. The total time was divided by the number of placed screws to obtain the mean placement time for each screw. The accuracy of placement was evaluated by Richter method \[[@b7-medscimonit-21-3948]\] and divided into 3 categories: (1) Excellent: the screws were completely positioned in the pedicle; (2) Good: only screw thread went through the cortex of the pedicle isthmus of vertebral arch (less than 1/4 of the screw diameter), without danger to surrounding nerves and vessels; (3) Poor: the screws penetrated the cortex of pedicle isthmus of vertebral arch obviously (more than 1/4 of the screw diameter), which damaged surrounding nerves and vessels.

Statistical analysis
--------------------

Statistical analysis was performed with SPSS 19.0 Statistical software. Data are presented as mean ±SD (*x*±*s),* and inter-group comparison was done with the independent-samples *t* test. The enumeration data is expressed as ratio, and inter-group comparison was done with the χ^2^ test; α=0.05 was used as the statistics inspection standard.

Results
=======

All the patients were followed up for 1 month. No obvious complications of nerves, vessels, or viscera were reported in either group. A total of 118 pedicle screws were placed in the experimental group and 122 in the control group. The placement effect was evaluated by post-operative anteroposterior and lateral x-ray film and lumbar CT scan ([Figure 3](#f3-medscimonit-21-3948){ref-type="fig"}).

The mean time of placement for each screw was 4.9±2.1 min in the experimental group and 6.5±2.2 min in the control group, which were significantly different from each other (P\<0.05). The amount of hemorrhage was 8.0±11.1 mL and 59.9±13.0 mL in the experimental and control groups, respectively, with significant difference (P\<0.05). The fluoroscopy times for each screw placement was 0.5±0.4 in the experimental group, which was significantly lower than that in the control group (1.2±0.7) (p\<0.05).

A total of 118 pedicle screws were placed into experimental group patients; the accuracy of placement was excellent in 108 (91.5%) and good in 10 (8.5%), with an excellent and good rate of 100%. In the control group 122 pedicle screws were placed; the accuracy of placement was excellent in 99 (81.1%), good in 21 (17.2%), and poor in 2 (1.6%), with an excellent and good rate of 98.4%. There was no significant difference in the excellent and good rate of screw placement between the 2 groups (p\>0.05).

Discussion
==========

With rapid progress in digital technology, 3D printing technique has been increasingly applied in treatment of spine diseases. The 3D printing technique is based on 3D design models and uses computer software and CNC forming system to pile up and bond the special materials, such as metal powder, ceramic powder, and cellular tissue, layer by layer, and thus produce a physical product. In spinal surgery, this technique is based on the reverse engineering principle. That is, based on the CT scan image, to rebuild the targeted vertebral bodies with the software and design the corresponding female mold of the bony structures, such as vertebral plates and spinous processes, with the computer. After the female mold of vertebral bodies is printed, the surgeons can perform the placement operation under direct observation. Some researchers have used the 3D printing technique in internal screw fixation of axis vertebral plates, and the individualized guide plate for screw placement was established based on the CT scan images to improve the accuracy of placement \[[@b8-medscimonit-21-3948]\]. Yang et al. reported the use of 3D printing technique in patients with Lenke I adolescent idiopathic scoliosis to make vertebral body molds during the operation. The 3D printing group, compared with the control group, had shorter operation time and less hemorrhage, but did not significantly increase the accuracy of placement \[[@b9-medscimonit-21-3948]\]. This study used 3D printing technique to produce the lumbar vertebral female mold and evaluated the clinical efficacy of a 3D printing guide plate in posterior lumbar pedicle screw fixation.

Steinmann et al. started to use the computer-assisted surgical navigation system in spinal surgery in the 1990s \[[@b10-medscimonit-21-3948]\], which increased the accuracy of pedicle screw placement. Nevertheless, according to some reports, the adoption of computer-assisted navigation equipment was difficult in primary hospitals \[[@b10-medscimonit-21-3948],[@b11-medscimonit-21-3948]\] due to very high price, a complex operation system, and high operating costs. The 3D printing technique, with simple and rapid operations, lower costs, and has other advantages, emerged at an opportune time. In the present study, the 3D printing guide plate could be produced in 1 day after obtaining the CT scan data of a patient. Moreover, the intraoperative procedure for 3D guide plate use is very simple. Because of long learning curve of lumbar pedicle screw fixation and high risk of the operation, some researches have reported use of computer-assisted fixation \[[@b12-medscimonit-21-3948]--[@b14-medscimonit-21-3948]\]. Miyomoto et al. adopted CT technique, but could only confirm the entry point, not the angle \[[@b15-medscimonit-21-3948]\]. Kawaguchi et al. acquired patient data through CT scans, and used rapid prototyping technology to print out a guide plate-assisted screw-matching centrum \[[@b16-medscimonit-21-3948]\]. However, the guide plate only attached to 1 side of the lumbar pedicle, which shifts easily, especially when a bone landmark was missing due to vertebral abnormality, thus the guide plate was hard to accurately place. But the 3D printing guide plate used in this study attached the both sides of the lumbar pedicle. The bone landmark was easy to find, and the contact area is sufficiently large. Thus, the screw does not easily shift. The screws could be placed bilaterally at the same time. Results of this study have shown that the mean time of placement for each screw and the amount of hemorrhage was 4.9±2.1 min and 8.0±11.1 mL in the experimental group (using 3D printing guide plate) versus 6.5±2.2 min and 59.9±13.0 mL in the control group (using the traditional fluoroscopy), There were statistically significant differences between the 2 groups (p\<0.05). The fluoroscopy times for each screw placement was 0.5±0.4 in the experimental group, which was significantly lower than that of control group 1.2±0.7, with a significant difference (p\<0.05). These results indicate that the intraoperative application of 3D printing guide plates was easy, and could shorten operation time and reduce amount of hemorrhage. It can reduce the fluoroscopy times compared with the traditional treatment group, and may indirectly increase the success rate of first-time placement and decrease x-ray exposure in patients. Successful first-time placement leads to more a successful operation because the second-time puncture can damage the bony structures, and the pseudo-channel left by the first puncture will interfere with the second puncture, which makes the second operation difficult and decreases the screw-holding force.

In lumbar internal fixation of the spinal surgery field, since the surgeon is utterly dependent on the location of vertebral plate anatomical marks, the accuracy of screw placement is greatly affected by subjective factors such as the experience of surgeons. The 3D printing technique transforms the operation from being experience-based to a digital, precise, and individualized approach that shortens the learning curve of spinal surgery and surgical risks. There are 2 major points in application of 3D printing guide-assisted lumbar internal fixation: a. The production of guide plates, which serves as a guidance of the placement, must be based on the bone data obtained from high-speed and thin-layer CT to the greatest extent in order to produce a female mold of vertebral bodies as precisely as possible and match the vertebral body perfectly. b. When vertebral plates are being exposed, the peeled surface of soft tissue is required to have complete clearance without damaging bony structures. Otherwise, the screw path is easily deviated, causing the screw to penetrate the cortex of vertebral plates. In this study, a total of 118 and 112 pedicle screws are placed in the experimental group and the control group, with the excellent and good rate of 100% and 98.4%, respectively. No statistically significant difference was found in the excellent and good rate of screw placement between the 2 groups (p\>0.05). The reasons for this might be that, for those patients without anatomical abnormality needing routine lumbar surgeries, the accuracy rate of placement can be satisfied depending on the surgeon's experience, and cannot be increased significantly by using the 3D printing guide plates.

Our study has the following deficiencies: a. The number of enrolled patients is relatively small due to increased expense for 3D printing guide plates. b. The subjects enrolled in this study are those without obvious anatomical abnormality needing routine lumbar surgeries, which might not reflect the advantages of 3D printing guide plates in improving the accuracy of placement.

Conclusions
===========

So far, the 3D printing guide plate has not been widely applied in spinal surgery, and there are few related reports. According to this study, compared with the traditional treatments, the intraoperative application of a 3D printing guide plate could shorten the operation time and reduce the amount of hemorrhage. Compared to traditional fluoroscopy, it can reduce the fluoroscopy times, but does not increase the accuracy rate of screw placement.

**Source of support:** Departmental sources

![(**A--C**) Pre-operative lumbar MRI images.](medscimonit-21-3948-g001){#f1-medscimonit-21-3948}

![**A**) The pre-operative 3D CT reconstruction images; (**B**) A virtual screw path was established on the operational vertebral body model using the MedCAD, making the path parallel to the long axis of the pedicle; (**C**) 3D pedicle screw guide plates corresponding to the surgical vertebral were reconstructed according to the image data. (**D**) The pedicle screw path was established with the assistance of the corresponding pedicle screw guide plate, which was performed for the opposite side by the same method.](medscimonit-21-3948-g002){#f2-medscimonit-21-3948}

![**A**) The post-operative lateral x-ray films; (**B**) The post-operative anterior-posterior x-ray films. Both revealed a good position of pedicle screw. (**C**) The pedicle screw path was established under the assistance of individualized 3D pedicle screw guide plate during the operation.](medscimonit-21-3948-g003){#f3-medscimonit-21-3948}

[^1]: Study Design

[^2]: Data Collection

[^3]: Statistical Analysis

[^4]: Data Interpretation

[^5]: Manuscript Preparation

[^6]: Literature Search

[^7]: Funds Collection
